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The nucljde 105 has been produced jn the Cf(' N,4') reaction and its docay properties investigated.
The a-decay branch of 1.52 ~ 0.13-sec ' 105 has been measured to be (90.4 ~ 0.6)% with spontaneous-fission
decay the remainder [(9.6+0.6)%]. Measured a-particle energies and intensities (% per decay) are
9.041+0.014 MeV (48 + 5), 9.074 ~ 0.014 MeV (25 + 3), and 9.120 + 0.017 MeV (17+ 3). Characteristic L-
series x rays of element 103 were observed in coincidence with these a-particle groups, thus providing
elemental identification. The ' Lr aMecay daughter was observed in a direct time-correlated genetic linkage,
thus providing the mass number assignment. The absence of characteristic L- or K-series x rays of element
104 in time coincidence with, but preceding, spontaneous-fission-decay events, has allowed an upper limit of
2.5% to be placed on the electron-capture decay branch of ' 105 to the elusive nuclide 0.1-sec '~104. If

104 is a spontaneous-fission emitter with a half-life & 100 p.sec, as some predictions would indicate, then
the electron-capture decay branch of ' 105 is &0.2%.

RADIOACTIVITY 105 [from Cf( N, 4s) reactionj; measured &f/2 E~
Es~, I SF, IEC, E~, L~, E&, I&, e-X coin. and SF-X coin. &-& time correla-
tion; deduced NLr levels, 4, E, m u hindrance, SF hindrance, atomic number

mass number. Enriched target.

I. INTRODUCTION

The characterization of isotopes of the heaviest
elements is often extremely difficult, as these
nuclides can only be produced in heavy-ion induced
nuclear reactions at rates which rarely exceed a
few atoms per hour. It is not surprising, there-
fore, that experiments dealing with these short-
lived nuclides are often somewhat less than defi-
nitive and that discovery claims for new elements,
particularly those for elements 104 and 105, have
been surrounded by controversy and counterclaims
by rival experimental groups (see, e.g. , Ref. 1).
Earlier work done at this laboratory"' has dem-
onstrated that the coincident observation char-
acteristic x rays emitted following the a decay can
provide definitive elemental identifications of the
transfermium nuclides even though only a few
hundred atoms were available for study. Nuclear
spectroscopic and structure information can also
be obtained in the transfermium region of the nu-
clear Periodic Table by the coincident observation
of the decay y rays. ' ' Although the observations of
characteristic x rays following & decay probably
provides the most definitive elemental identifica-
tions, another technique, particularly well suited
for studies of the heaviest elements, is the genetic-
linkage method. In this latter case, a genetic link
is established between the e decay of a parent nu-
clide and the subsequent decay of the previously
well-characterized daughter nuclide by the obser-
vation of the time-correlated parent and daughter
decay events. The genetic-linkage method has been

used to great advantage to provide identifications
for the short-lived o.'-emitting isotopes of elements
104-106 '-"

The first claim for the production of an isotope
of element 105 was made in 1967 by Flerov, "and a
more complete description of this work appeared
in 1968." A 9.7-MeV n activity produced in the
bombardment of 2 ~Am with Ne ions was said to
arise in the decay of ' 105, or possibly '6'105,
from the observation of fewer than 10 time-cor-
related pairs of + events linking this activity to an
element 103 daughter activity. A 9.4-MeV o. acti-
vity, also produced in these experiments, was as-
sociated with the decay of "'105. An -2-sec spon-
taneous-fission activity was subsequently ob-
served" "in reaction of '"Am with "Ne ions and
ascribed to the decay of either '105 or "'105; nu-
clidic agreement from such experiments with
spontaneous-fission activities is often ambiguous
because of the nonspecificity of this decay process.
Comparative gas-phase chemical studies using this
spontaneous-fission activity were subsequently per-
formed by Zvara et al."and were claimed to sup-
port the 105 elemental assignments although the
mass assignment, either ~'105 or "0105, remains
ambiguous.

Ghiorso and coworkers' produced '6 105, a 1.6-
sec + activity, in 1970 using the "~Cf("N, 4n) reac-
tion. +-particle groups of 9.06, 9.10, and 9.14
MeV were attributed to the decay of "'105 and the
assignment was based on the establishment of a
genetic link to the previously known -30-sec "'Lr
o'. -decay daughter nuclide. These workers' also

1146



PRODUCTION, I. X-RAY IDENTIFICATION, AND DECAY ~ ~ .

reported that they were not able to produce the
9.4- and 9.7-MeV & activities and hence confirm
the earlier experiments of Flerov et al. ,"'"and

they therefore claimed discovery of element 105.
The name hahnium was proposed for this new ele-
ment. ' Druin et al. ' subsequently repeated the
earlier &-decay experiment of Refs. 11 and 12
("'Am+ "Ne) with an improved technique and re-
ported a (1.4'~~3)-sec & activity, with energies of
8.9 and 9.1 in addition to 9.4 MeV, which was linked
genetically to a 35-sec daughter activity with a en-
ergies in the range 8.3-8.6 MeV. The daughter nu-
clide was presumed to be either ' Lr or '"Lr, but

subsequently, "Lr was shown"'" to have a half-
life of 25.9 sec with a-particle energies in the
range 8.30-8.65 MeV and "'Lr, a half-life of 0.6
sec with +-particle energies of 8.80 and 8.86 MeV.
Thus, all of the a activities of Ref. 12 and Ref. 17,
the 8.9-, 9.1-, and 9.4-MeV activities, must be as-
sumed to be linked to the decay of ~'105 and not to
the decay of ~'105.

Refinements in the spontaneous-fission experi-
ments ("'Am+ "Ne) have also been made by Fler-
ov et al. , "and a more accurate half-life value of
1.8 +0.6 sec reported, although the mass assign-
ment favored by these workers is A. = 261. Flerov
et al."have prpppsed the name nilsbohrium for ele-
ment 105, claiming discovery, as they have repeat-
ed and confirmed their earlier" spontaneous-fis-
sion experiments.

These element 105 discovery claims are con-
tested and have yet to be resolved. Further experi-
ments by Ghiorso et a/. ' have since produced two
new n activities, ~'105 (t, &,

= 1.8+0.6 sec, E =8.93
MeV) and "'105 (t, &, =40+10 sec, E,=8.45-8.66
MeV). The assignments are based on genetic links
tp 0.6-sec "'Lr and 4.5-sec "'Lr, respectively.
The comparative-chemical studies have since been
reinvestigated by Zvara et a/. "with essentially the
same conclusions as in earlier experiments, "
namely, that the -2-sec spontaneous-fission acti-
vity produced in the "'Am("Ne, 5n) ~'105 reaction
agrees in its chemical behavior with that expected
for element 105 (ekatantalum).

In this present work, we have applied both the
definitive coincident characteristic x-ray and the
direct genetic -linkage identification techniques to
a study of the decay of 105. A thorough investi-
gation of the decay properties of this nuclide per-
formed using methods substantially different but
complementing those used previously by other
workers was deemed essential if our experiments
would be of value in addressing the conflicting dis-
covery and identification claims. The observation
of element 103 characteristic x rays following, and
in coincidence with, the & decay would provide
elemental identification. Direct genetic-linkage ex-

periments, where the ~ particles of both the 105
parent and 103 daughter activities are observed in
time correlation, should provide mass identifica-
tion if the daughter activity has been previously
identified and characterized. Obtaining experimen-
tal data on half lives, production yields, and other
decay modes, and the establishment of accurate en-
ergies, were also objectives of our experimental
work

Of particular interest to us was the possibility
of linking directly and definitively, for the first
time, the atomic number of '104 to its decay pro-
perties. Should the nuclide ~ 105 have an appreci-
able decay branch via electron capture, ' in addition
to the expected dominant n-decay branch, electron-
capture decay would lead to the nuclide '104. The
nuclide '104, reported to be a short-lived even-
even spontaneous-fission activity, is the subject
of the hotly contested element 104 discovery con-
trpversy"' ' ~ 0 similar tp that described fpr ele-
ment 105 above. Characteristic x rays would be
emitted in the atomic rearrangements following
electron capture, in this case characteristic of
element 104, and the observation of these x rays
preceding, but in delayed coincidence with, spon-
taneous-fission decay would be the basis of an un-
equivocal identification of this elusive isotope of
element 104. This electron-capture method may
be the only technique capable of providing a de-
finitive identification for short-lived even-even
spontaneous-fission activities in the transfermium
element region, although it is possible that a meas-
urement of the total kinetic-energy release in fis-
sion" would also provide some selectivity for spon-
taneous-fission activities in this mass region.
These experimental results together with our con-
clusions are given in this present work.

II. EXPERIMENTAL PROCEDURE

A. Production of ' 105

The "'Cf("N, 4 s) reaction was used to produce
the atoms of 6 105 for these experiments. Ghior-
so et al.' have experimentally estimated the pro-
duction cross section for this reaction to
be -3 mb at a "V ion energy of -85 MeV,
which is in good agreement with our calcula-
ted 2 ~ peak cross section of 4.5 nb at 86.0 MeV.
A ~49Cf target 635 p, g/cm2 was prepared by elec-
trodeposition of the nitrate from an isopropyl al-
cohol medium onto a 2.35 mg/cm' Be (12.7 y, m)
backing foil using isotopically pure '~9Cf which had
previously been recovered as the decay product of
initially pure 2498k. The deposit covered an area
of 0.37 cm' and the californium was converted to
the oxide (Cf,O, ) by heating in air.

The heavy-ion bombardments were performed
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at the Oak Ridge Isochronous Cyclotron (QRIC)
using "N+' iona accelerated to an energy of 99.1
MeV and using N, gas isotopically enriched to
&9@in "N2 as the cyclotron ion source feed gas.
After extraction from the cyclotron and transport
to the experimental station, the ion beam passed
through a 2.35 mg/cm' Be (12.7 gm) isolation win-
dow' separating a small helium filled reaction
chamber from the cyclotron vacuum system. After
traversing the Be entrance window and the Be foil
target backing, the incident "Ne beam had been re-
duced in energy to ™86.0 MeV, an energy which
corresponds to the expected peak cross section
for the 'Cf("N, 4s) reaction. The reaction cham-
ber was filled with unadulterated helium gas to a
pressure of 860 Torr to thermalize the reaction
products recoiling from the "9Cf target due to
large linear momentum transfer from the incident
beam. The recoil range for the most energetic
'~105 reaction products is -500 gg/cm' in Cf20,
and thus only -70% of the target material could con-
tribute recoils which could be thermalized in the
helium gas. The helium gas and the entrained
reaction products were continually pumped from
the reaction cell through a 0.343-mm diam nozzle
using a high speed vapor-booster type diffusion
pump. The reaction products emerging from the
helium jet impinged and were collected on an alum-
inized plastic tape. Under the conditions of this
experiment, the helium flow rate through the -4 cm'
recoil thermalization chamber was 45 Torr
litersec '. With a pumping speed of 2000-
liter sec ', the vapor booster pump could easily
maintain a pressure of 2 x 10~ Torr in the separate
vacuum system containing the collector tape. The
overall collection efficiency for the system is
estimated to be -80% based on our previous
studies using heavy-ion reactions with known pro-
duction cross sections.

The "N beam exited from the reaction cell through

two additional windows of 2.35 mg/cm'Be, the first
of which defined the active volume of the recoil
thermalization region. The "N beam was finally
dumped downstream in a mater-cooled Faraday
cup used in measurements of the beam current.
The helium-filled reaction-cell assembly was
water cooled and chilled helium gas was circula-
ted between the front Be entrance foil and the tar-
get backing foil as well as between the two Be exit
foils. Beam current levels were kept below -4.5
pA, measured as the fully stripped ion ("N+'), in
order to avoid localized overheating effects in the
Be entrance and exit foils.

8. Tape transport assembly and detection system

A fast tape-transport system w'as designed and
developed to move periodically a spot of activity

collected on aluminized plastic tape from the gas-
jet recoil chamber to a detection and measurement
station located above the heavy concrete shielding
of the cyclotron bombardment station. The use of
a tape system, to move collecied radioactivities
to a low-background environment where high-re-
solution spectroscopic studies may be performed,
was considered more advantageous than the use
of a long capillary tube connected directly to the
gas-jet assembly. Capillary tube systems are
often characterized by poor or indeterminate
transport efficiency (s 5), and usually require
an adulterant in the He gas, such as NaCl vapor,
CCl„orbenzene. These adulterants can interfere
with subsequent o.-particle energy measurements
and/or be decomposed in the vicinity of the target
by the intense heavy-ion beam. These difficulties
were obviated in these experiments by the use of
the tape-transport assembly outlined in Fig. 1.

A continuous belt of aluminized plastic tape,
-V.5 m long x 2.54 cm widex 0.010 cm thick, was
driven by two identical drive assemblies, each
consisting of a 1-hp 3600-rpm motor, an electro-
magnetic clutch and brake, a high-vacuum rotary
feedthrough, and a rubber-coated magnesium drive
wheel, 26 cm in diameter. Both tape-drive assem-
blies, one located in the bombardment room and the
other located in a low-background counting room
directly above, were driven simultaneously using
programmable digital logic modules. A photodiode
and lamp assembly, used to detect holes perfora-
ted in one edge of the tape at 2.54-mm intervals,
served as the digital feedback indicator in position-
ing the tape. The drive wheels, photodiode and

lamp assembly, and the silicon surface-barrier
detectors used to detect a particles and fission
fragments, were enclosed in a vacuum system
common to the gas-jet outlet. The tape was con-
stricted by guides and rollers to pass thru a -5-
cm-i. d. pipe connecting the bombardment station
assembly with the assembly containing the detec-
tors in the counting area located directly above.

The tape-drive system was programmed to move
the spot of activity collected at the gas-jet orifice
a distance of -3.4 m and position it in front of the
first of two specially constructed 2-cm' silicon
(Au) surface-barrier detectors. This surface-bar-
rier detector viewed the spot of collected activity
directly after transport; the second detector was
a background detector, used to assess the buildup
on the tape of long-lived activities which could in-
terfere with the measurements of "105. Each
detector subtended a solid angle of -35% of 4s sr
from the tape for a spot of activity on the detector.
axis. The detectors, of a special close-mounting
design, had an entrance window of -20 pgcm ' of
Au instead of the usual 40 p, g cm ' to reduce the
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FIG. 1. Cutaway view of the tape-transport system and gas-jet assembly used to transfer reaction product recoil
atoms to the detection station.

a peak broadening due to energy-loss-straggling
effects arising in our high detection geometry ap-
plication, An intrinsic- planar-Ge photon detector,
10 cm' in area and 1.2 cm thick with a 0.25-mm Be
entrance window, viewed the spot of collected acti-
vity in opposition to the first surface-barrier de-
tector. A 0.51-mm thick Be window mounted in the
wall of the vacuum system next to the tape and op-
posite the surface-barrier detector permitted the
Ge detector to be placed in close proximity to the
spot of collected activity. Under the conditions of
our experiments, the absolute photopeak detection
efficiency for photons in the energy range 10-40
keV was -3; and for photons in the range 115-
130 keV, -30%.

A spot of activity collected at the gas-jet orifice

could be transported and positioned in front of the
first surface-barrier detector within 180 msec.
The tape system was programmed to advance at
3-sec intervals, approximately two half-life per-
iods for '~105, thus positioning a new spot of col-
lected activity in front of the first detector. In or-
der to establish a direct time-correlated genetic
link between the decay of ~105 and its a-decay
daughter" Lr, the tape-system drive was pro-
grammed to stop for a period of 35 sec whenever
an a event in the range 9.0~ E, (MeV) ~ 9.2
was detected in the first surface-barrier de-
tector. o. events in the decay of ~'105 were expec-
ted in this energy range, and the additional 35-sec
counting period was sufficiently long to allow ob-
servation of most of the subsequent '"Ir & decay.
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a events occurring in this "extended" mode of op-
eration were digitally tagged for special data pro-
cessing.

C. Data Acquisition methods and processing

&- and spontaneous-fission-event pulses occur-
ring in the two surface-barrier detectors were
processed through two linear amplification chains
each in order to cover pulse height ranges suitable
for both o spectroscopy [E (MeV) & 12.00] and for
singles fission-fragment spectroscopy [Err (MeV)
s200]. Pulses with an energy &5 MeV occurring
in the first surface-barrier detector were also
used to start a time-to-pulse-height converter
(TPHA} with a time range of 80 psec. Photon pul-
ses in the energy range 10 ~ E (keV} ~300 occurring
in time coincidence with these a events, and dur-
ing the duration of the TPHA, were then processed
with the corresponding n pulse and with the TPHA
pulse. All a and fission events occurring in the two
detectors were processed whether or not photon
events were detected in coincidence with events in
the main surface-barrier detector. Amplified
pulses from the detectors were gated into linear
analog pulse stretchers and sequentially digitized
using a single multiplexed 8192 channel analog-to-
digital converter system as described by Good-
man" and by Hensley. M Each list-mode data word
characterizing a decay event contained the digi-
tized o.-particle and fission-fragment pulse heights
from the two surface-barrier detectors, the di-
gitized photon, and the TPHA pulse heights, and the
contents of digital scalers which indicated other
experimental conditions such as the time in msec
of the occurrence of the event relative to the start
of a counting cycle, the cycle sequence number,
and the digitized integral beam current. The list-
mode data words were buffered onto, and tempor-
arily stored in, disc memory and later transferred
to magnetic tape for permanent storage and sub-
sequent off -line analysis.

An additional mode of operation. of the data
acquisition system mas also used in these experi-
ments so that characteristic L- or K-series x rays
of the transfermium elements (100 ~ Z - 105) pre-
ceding spontaneous-fission events could be ob-
served in a delayed time correlation. This type
of decay event could arise in the electron capture
or in the isomeric internal-conversion decay of a
parent activity which is then followed by spontan-
eous fission of the daughter activity, i.e., in the
~105 (EC)-'"104 (SF) sequence. Photon events

occurring in the energy ranges 10-35 keV (L-ser-
ies x rays) and 110-165keV (K-series x rays)
were gated into a special pulse stretcher and heM
for a maximum of 100 p, sec before processing to

await the subsequent occurrence of any fission
event. If these special photon events mere followed
within the 100 p, sec delay period by an a or fission
event, the event data word automatically included
the digitized pulse height of this "prior" x ray.
Vfhen these pulses mere not followed by fission or
a events within the 100 p, sec delay period, they
were processed separately with the contents of
two digital scalers, one of which indicated the time
in p, sec from the end of bombardment, and the
other the cycle sequence number. These "prior"
x ray single events were thus truncated in order to
reduce the number of magnetic tapes required for
data storage. This special feature of the acquisi-
tion system hardware and software, the "prior"
x-ray" mode, mas tested and developed using 2.6-
sec '"Ra, produced in "C ion bombardments of
Pb, which decays to 5.4 msec '"Fr via a 0.06%,
electron-capture decay branch. The n decay of
'"Fr was observed in time correlation with pre-
ceding x rays characteristic of Fr (g =87}.

The Q, -particle-energy and -efficiency calibra-
tions for both surface-barrier detectors were es-
tablished using sources of ~~Cm, 'Am, Am,
and "'Cf, and the calibrations were extended to
higher energies using a precision pulse generator.
The a-particle energies are referred to Ea,('4'Cm)
= 5.8049 MeV, Ea»('"A m} = 5.2748 MeV,
and Ea„,('4'Cf) = 5.8135 MeV as suggested in the
z-energy and intensity evaluation of Rytz." The
energy and efficiency calibrations for the photon
detector were also established with these same
standard sources; the absolute photopeak detection
efficiencies as a function of photon energy were
obtained from "singles" spectra and from spectra
obtained in coincidence with z particles observed
in the main detector. Corrections for true coinci-
dence summing effects in the photon detector, par-
ticularly for the various L- and K- series x rays,
were often required to obtain the absolute efficien-
cies in some cases because of the high geometry
and thus high efficiency of the photon detector.
Photon energies are referred to the energies of
the most prominent I.-series x rays (La„Lp„
Lp„Ly„etc.) and K-series x rays (Ka„Ka„
KP„KP,} in Np, Pu, and Cm as derived from a
forthcoming summary and evaluation of Porter
and Freedman. ' The L-series x-ray intensities
reported in Ref. 39 and the energies and intensities
of prominenty-ray and K x-ray lines reported in
Ref. 40 were also used.

A nominal e-particle-energy resolution of -35
keV was maintained during the course of these ex-
periments, primarily limited by differential ener-
gy-loss and straggling effects in the Au window in
this high geometry application. The measured pho-
ton energy resolution was -600 eV for y rays w'ith
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energies in the range 100-120 keV and -300 eV
for photons in the energy range 10-40 keV.

After these exse experiments were completed, the

list- m
magnetic tapes containing the rav expe

' t 1experimental
ist-mode data were scanned t ld

'o yie information
on the decay of nuclides produced in "N i
tions on '~9

in ion reac-
on Cf. Multiple scans of the -50 d ta t

were re
a tapes

equired in order to explore full th

correlations b
u y e various

ons etween the data parameters recorded
in these experiments.

III. RESULTS AND DISCUSSION

Over 200000 bombardment- tmen -counting cycles were
completed during the course f tho ese experiments
and the total integrated "N b thearn that passed thru
the target assembly was 1.87 C. Our rr results are

e

A. n spectral analysis

The o.-particle-energy spectrum for nuclides
pro uced in 86.0-MeV "N ion bombardments of
"9Cf and for the time interval 0.18-3.18 sec after
bombardment is shown. in F' 2 Tig. . he a-particle
assignments to particular nuclid s ' d'es, as in icated
in ig. 2, are based on the correspond
er and hgy n alf-life with those of previousl k

ence in en-

or most of theestablished z emitters. For m t f h

assignments in Fig. 2, the identifications were
confirmed b thee y e observation of characteristic L,-

serves and/or K-series x rays of the daughter ele-
ments in coincidence with th

continuum-type background underlying most +
peaks, particularly those below -8.0 MeV, is
readily apparent by an inspection of Fi . 2. This
continuum-type background decayed with a half-
life of 817+ 14 mmsec and is associated with th

y Li to Be, which is unstable to decay in-
to two a particles. The nucl'd 'Li e i can readily be
produced in direct reactions f "N
get backin

o with the Be tar-

clides
ge acking. a groups arising in the din e ecay of nu-

o ions withi es produced in the reactions of "W i
minu e Pb and Bi impurities in the" Cf

an, or in the Be target backing were also

th
observed in these experiments Alths. ough most of

e nuclides produced from the Pb and
ties are ver s

e and Bi impuri-
e very short lived and would not have b

detected in thesein ese experiments because of the finite
imes, some of the lon-gas-jet and tape-transport times

er-lived nuclides could b 'd t'f'e i en i ied in these ex-
'-

periments, such as '"At (0 30 )
'" 4 7

sec), and '"Ac (0.17 sec).
sec, "Fr 34 7

The a-particle events with energies '
th

e were assigned to the decay of '~105.
Three distinct z ra groups with energies in MeV (and
relative intensities) of 9.041 +0.04 (1 0

( .52 +0.08), and 9.120+0.017 (0 35
were unf

a 0.04)
folded from this portion of theo e e spectrum

oce ure using ay an i erative curve-fitting proced
semi-Gaussian function charact eris ic of the re-
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FIG. 3. Time distribution of ~-particle events in the

energy range 9.00-9.20 MeV following bombardment of
2~9Qf with S6.0-MeV ~N ions.

sponse of the detector to monoenergetic a particles
of the above energies. Each of the three n groups
decayed with the same half-life and the composite
decay of all a particles with energies in the range

9.00-9.20 MeV, a total of 871 events, is shown in
Fig. 3. A half-life of 1.52~0.13 sec was derived
using a one-component exponential least-squares
fitting procedure. The energies and relative in-
tensities of these e groups and the half-life for
'6o105 are in excellent agreement with those pre-
viously reported for '~105 by Ghiorso et g).

The a-decay daughter nuclide of '~105, (25.9 a
+1.7}-sec '~Lr, is obscured in the a spectrum dis-
played in Fig. 2 by the relatively intense e groups
at 8.401 and 8.444 MeV arising in the decay of
(3.04+ 0.14)-sec '5 No. The o. spectrum of '"Lr
is quite complex"' ' with a groups in the range
8.3-8.7 MeV, the most intense of which is the
(8.430+ 0.015)-MeV group which occurs in (38.3
+2.9)% of the a decays of '"Lr. As described in
Sec. II C, the normal 3-sec tape-cycle period was
automatically extended for an additional 35 sec
whenever an a event in the range 9.0-9.2 MeV. ,
i.e. , those expected from '~105, was detected.
When such parent o events do occur, the ~-decay
daughter atom recoils and remains embedded in
the tape and, if the observation period is suffi-
ciently long, subsequent e events in the decay of
the daughter nucleus may also be observed and di-
rectly correlated with the parent a events. The
o. -particle-energy spectrum in the energy range
8.0-8.8 MeV accumulated during all such 35-sec
extended tape-cycle periods is shown in Fig. 4,
and the complex e-group structure of" Lr is
readily discernible. From the number of z events
observed and ascribed to the decay of the '~105
parent, 871 events in Fig. 2, the number of n
events expected to be observed from an a-decay
daughter nuclide with a (25.9 + 1.V)-sec half-life in a
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FIG. 4. z-particle-energy spectrum {left portion) for activities directly correlated with a preceding n decay in the
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subsequent 35-sec interval, under the conditions
of our experiment, is 122 a 11. In the spectrum
displayed in Fig. 4, 113 events may be ascribed
to the decay of '~Lr, in excellent agreement with
the expected value. The decay of the 0. events in
the energy interval &.27-8.56 MeV, relative to the
time of occurrence of the parent a event, is also
displayed in Fig. 4 and we have derived a half-life
value of 23.6+7.5 sec for these events using a
one- component least-squares fitting procedure.
This derived half-life is in agreement with the
(25.9~1.7)-sec value expected for 'MLr. Based on
estimated~ ~ and measured"'~ relative produc-
tion cross sections for Cf ("N; a, 2s}'58Lr,

Cf("¹a 3s) "Lr, and Cf('N a4s}' Lr of
1.0:0.92:0.018, respectively, fewer than 10 a
events due to directly produced ~ Lr are expected
in the e particle singles spectrum in Fig. 2, and
W.4 events due to directly produced '"Lr are ex-
pected in the correlated spectrum in Fig. 4. Sup-
porting this conclusion is the result that the entire
~-group structure at -8.4 MeV in Fig. 2 may be
solely accounted for by 3.04-sec "No based on our
observed yield of coincident I. x rays of Fm.
Each of the three a groups ascribed to the decay
of ' 105, the 9.041-, 9.074-, and 9.120-MeV
groups, produced time-correlated o. events of
"Lr confirming our energy and intensity results
for '~105 from analyses of the ~ spectrum of Fig.
2.

The 24 e events ascribed to 4.35-sec '"Lr in
Fig. 4 arise from chance or random correlations
and are the correct number of such events (23 +4}
expected based on a (4.35 +0.59}-sec half-life and
the 3285 e events ascribed to 'MLr in the spectrum
of Fig. 2. No evidence for (0.646+0.025)-sec '"Lr
mith a events in the range 8.7-8.9 MeV was found,
nor was any expected, in the time correlated 35-
sec a spectrum, although the decay of this nuclide
was readily apparent in the primary spectrum
shown in Fig. 2.

Ne conclude from our analysis of the a spectrum
and from the time and number correlations as-
sociated miththe daughter nuclide "Lr that '~105
is a (1.52 +0.13)-sec a activity with three a groups
in the range 9.00-9.15 MeV.

1QO
l l

DECAY OF FISSION EVENTS

Cf + 'N (86.0MeV)

tO
6
0- IO
Q 1

ch

—t ).89+0.88 sec
2

tmo day weekend period w'hen the experiment mas in-
terrupted, and after the experiment was com-
pleted, background spectra were accumulated be-
cause substantial corrections for the presence of
long-lived spontaneous-fission activities were nec-
essary. Fission decay with a (2.6+0.5)-h half-
life was observed in these background measure-
ments and we have ascribed most of the background

256
fission events to the nuclide Fm (t, &, =2.62+0.22
h). This nuclide would be produced continuously
during the experiment both directly and via the
electron-capture decay of 76-min "Md. In addi-
tion, in the electron-capture decay of '"Md, suf-
ficient energy is imparted to the recoil atom to
transfer some "6Fm directly to the face of the sur-
face-barrier detector. This transfer mechanism
has been verified by us,"and as applied to this
present experiment, the '"Fm spontaneous-fission
background level in the main detector, as deduced
from the number of events in the second surface-
barrier detector, was underestimated by -30%.

Sufficient "beam-off" background data were ac-
cumulated to assess the level of singles fission
events arising from all relatively long-lived back-
ground sources which interefered with our ex-

B. Spontaneous-fission decay

All events detected in the surface-barrier de-
tectors with an energy greater than, -15 MeV were
processed also in parallel lower- gain amplifiers
suitable for fission-fragment spectroscopy. Sin-
gle-fragment spontaneous-fission events (40 ~ &gf

(MeV} c 140)were detected throughout the course of
this experiment. During all time periods when cyclo-
tron ion-source maintenance was required, during the

0 1-0 2.0 5.0
TIMF FROM END BOMBARDMENT (sec)

FIG. 5. Time distribution of single-fragment spon-
taneous-fission events following bombardment of 249Cf

with 86.0-MeV '~N ions. A background subtraction of
20 events per 0.3-sec interval has been performed.
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periments with ~'105. Over 50% of the 388 single-
fragment fission events observed are due to long-
lived background sources, and the time distribu-
tion of the events remaining after background sub-
traction is shown in Fig. 5. These remaining 184
events decayed with a half-life of 1.89 + 0.88 sec
as derived from a one-component least-squares
fitting procedure. The uncertainties for the num-
ber of events in each 0.3-sec time bin in Fig, 5
also include those of the background level.

Although it is exceedingly difficult to attribute
spontaneous-fission events to the decay of a par-
ticular nuclide because of the nonspecificity of the
decay process, the agreement of the half life de-
rived above, 1.89 +0.88 sec, with the half-life ob-
served for the o.'decay of "'105, 1.52+0.13 sec,
suggests that the fission events could in fact be as-
sociated with the decay of "0105. If all of the fis-
sion events that decay with a 1.89+0.88-sec half-
life, 184 +24 total in Fig. 5, are associated with
the decay of "'105, the resultant spontaneous-fis-
sion decay branch would be (9.6+0.6)%. This ap-
parent fission-decay branch result is in agreement
with the upper limit of 20% placed on this decay
mode by Ghiorso ef sl. ') No readily apparent pref-
erence for symmetric fission was observed from
our single-fragment kinetic-energy distribution,
and, in fact, a thorough analysis of the mass and
energy distributions from coincident double-frag-
ment measurements would be required to confirm
this effect.

C. Coincident photon measurements

1. Post n-decay photon spectra

As described in Sec. IIC, events occurring in
the photon detector during the -80-p, sec TPHA
conversion interval following an n event were
digitized and recorded together with the corre-
sponding n event and the THPA signal. Photons
in either prompt or delayed coincidence with par-
ticular Q.-energy groups mere extracted from
scans of the list-mode data. The various I.- and
E-series x rays of Cm and the y rays which arise
in the & decay of "'Cf provided convenient internal
photon coincidence standards as "'Cf recoils re-
sulting from inelastic and elastic scattering mere
among the reaction products.

The photon spectrum in the energy range 10-35
keV in prompt coincidence (2v' —200 nsec) with &

particles in the energy range 9.00-9.20 MeV (i.e. ,
those expected in the decay of 26o105) is shown in
Fig. 6. The L -series x rays of the heaviest ele-
ments occur in this photon energy range, and be-
cause nearly all of the statistically significant co-
incidence events associated with the 9.00-9.20
MeV o. groups are contained in the spectrum of

20—
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FIG. 6. Prompt coincidence photon spectrum in the
energy range 10-35 keV associated with e events in the
energy range 9.00-9.20 MeV.

Fig. 6, me have used these I- x rays to support
our elemental assignment of Z= 105. The recent
recommendations for the electron binding energies
of Lr (Z=103) of Porter and Freedman, "which
are based on modest extrapolations of experiment-
al data evaluated thru Fm (Z = 100),were used to pre-
dict the theoretical L x-ray energies; the calcu-
lated radiative transition rates of Scofield'4 mere
used to predict the relative intensities. These
calculated energies and relative intensities for the
most prominent f -series x rays of Lr (Z= 103) are
listed in Table I. It should be noted that binding
energy calculations (95—Z —130) have also been
performed by Carlson and Nestor, "and the agree-
ment at Z= 103 with the highest Z entry in the eval-
uations of Porter and Freedman" is excellent.

A spectrum was constructed for each I. sub-
shell for I r using the energies and relative in-
tensities in Table I folded with the instrumental
response of the Ge detector. These spectra mere
then normalized in amplitude to the most intense
lines, the La, +La„LP„andLP, lines in the
spectrum shown in Fig. 6. The solid curve in Fig.
6 is the composite calculated spectrum, and the
agreement with the experimental data is quite ap-
parent despite the poor statistical accuracy. The
spectra expected for other elements, particularly
to the adjacent No (Z= 102) and Z= 104 elements,
could not be fitted to the spectrum in Fig. 6. The
changes in energy for a one unit change in atomic
number at Z= 103 are in the range 600-800 eV for
the most intense transitions arising from I,- and
L „-subshell vacancies, and in the range 250-500
eV for those transitions arising from L,«-sub-
shell vacancies, which are very substantial shifts
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TABLE I. Energies in keV and relative intensities for the prominent I.-series x rays of Lr
(Z =103).

Shell Line

I.p4(m&)
L P3(~m)
L, P«(~~)
I ps(My)
~+2(+II )
~&3 C&m )
~~4(Oii-m)

I pg(N~)
L.q, (X~-)
L &s(Om)

Ll(M))
I.n, (u~)

i(mv
I.p, (r,„)
L Ps(Orv-v)

Theoretical
energy

22.619+0.015
24.223 + 0.015
24.907+ 0.018
25.207 + 0.019
28.120 + 0.023
28.560 ~ 0.021
29.654 + 0.023 (OH )

23.927 + 0.018
27.911+0.022
28.929 + 0.017

14.429+ 0.016
17.183+0.016
17.483 + 0.018
21.247 + 0.026
22.185+0.016 {O~)

Theoretical
Relative intensity ~

1.000
0.601
0.059
0.087
0.289
0.208
0.133

1.000'
0.249
0.056

O. OS3

0.114
1.000
0.225
0.054

Experimental
energy

22.61 + 0.18

24.03 + 0.14
27.97 ~ 0.15

14.43 + 0.20

17.57 + 0.12
21.35 + 0.20

aAdapted from Porter and Freedman, Ref. 38.
~Adapted from Scofield, Ref. 44.

Radiative transitions arising from the same L vacancy were normalized to the strongest
transition.

when compared to the detector resolution width of
-280 eV full width at half maximum (FWHM). Be-
cause the correspondence in energy and intensity
predicted for L -series x rays with those of the
most intense lines in Fig. 6, the L x-ray "finger-
print, " is unique for element 103 (Lr), and be-
cause these transitions were observed in coinci-
dence with n particles, the atomic number of the
o, -emitting parent nuclide is unambiguously es-
tablished as Z = 105. Elemental identifications
based on L x rays for the heaviest elements as
above are not as straightforward as those based
on the observations of E x rays performed pre-
viously for No' and for element 104.' A larger
number of events is required to identify the L x-
ray "fingerprint, "at least the L&„„LP„LP„and
I y, lines. The spectrum shown in Fig. 6 contains
151 total L x rays, which is at least the minimum
number required to perform such an identification
in the absence of background events; this spectrum
contains more than 10 times the number of x rays
than were required for a similar identification of
element 104 based on the use of K-series x rays. '

All n groups in the range 9.00-9.20 MeV pro-
duced L x rays of Lr, indicating that none of these
groups correspond to the transition from ~0105 to
the ground state of "Lr. A few photon events {15
total) in prompt coincidence with these ~ particles
occur in two distinct groups at energies of 41.1
+ 0.2 and 48.8 +0.3 keV which we attribute to true
coincidence L x-ray-L x-ray sum events which

arise from internally converted cascade nuclear
transitions in '"Lr. No other two or more photon
events in the range 50-450 keV with an energy
spacing of &500 eV were detected in prompt coin-
cidence with 9.00-9.20 MeV n particles. We are
thus able to place an upper limit of 1.5Vo per decay
on the yield of low-energy y rays and E-series
x rays of Lr in the decay of ~'105. The absence
of the K-series x rays, within the above intensity
limit, also allows an upper energy limit of 153
keV, the X-shell binding energy of Lr, to be placed
on any nuclear transition, internally converted or
not, in "'Lr. The yield of L x rays of Lr in the
decay of ~'105 is (69 +7}%per decay, which im-
plies that every ~ transition of ~'105 results in
one or more I -subshell vacancies as based on es-
timates~'" of the rates of radiative, Auger, and
Coster-Kronig processes for the L subshells of
Lr.

2. Search for x rays preceding fission

A special feature of the data acquisition system
allowed photons in the L- and K-series energy
bands for the elements Z= 99-105 occurring in
time prior to the occurrence of fission events to
be recorded, and the event times to be established
to an accuracy of +10 nsec. If the nuclide ~'105
decayed via electron capture to ~'104, which then
in turn spontaneously fissioned, the fission events
mould have been recorded in delayed coincidence
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with x rays characteristic of element 104 in our
experiments. As described in the previous sec-
tion, 388 single-fragment-fission events were re-
corded in the course of this experiment, 184+24
of which decayed with a half-life consistent with
that observed for the n decay of "'105. These
fissions could have arisen from the spontaneous
fission of "'104, via the decay of ~'105, if the
half-life of "'104 were substantially shorter than
that of ~'105. From an experimental viewpoint,
the influence of random coincidence correlations
becomes a severe limitation of the approach out-
lined above if the half-life of ~'104 is longer than
a few msec as the average singles photon counting
rate in the acceptable L and K x-ray energy bands
was 1000-2000 counts per second throughout this
experiment. Most of these photons were radia-
tions from short-lived fission products by the "N-
ion fission of the "'Cf target.

We have diligently examined the -50 magnetic
tapes containing the prior x-ray data without find-
ing any statistically significant correlations be-
tween the x rays characteristic of element 104 fol-
lowed by fission events. From the complete ab-
sence of x rays characteristic of element 104 in a
time interval of 110 @sec prior to the occurrence
of any of the 388 total fission events observed in
these experiments, we are able to place an upper
limit of 0.2% on the electron-capture decay branch-
ing of "'105 if the half-life of ~'104 is &100 p sec.
If the latest revised half-life value" of 80+ 20
msec suggested for ~'104 is used, our experi-
ments are severely affected by random coincidence
correlations, and we are able to place an upper
limit only of 2.5% at the 90% confidence level on
the electron-capture branching decay of ~'105.

In our attempts to extract delayed coincidence
104 x-ray-fission correlations from these data,
suggestions of statistically significant correla-
tions between the Kn, and Eo, x rays expected for
element 103 at energies of 123.92 and 130.66 keV,
followed by fission in a time interval —40 msec,
continually recurred. We were unsuccessful in
establishing these correlations firmly by restrict-
ing the digital ranges of the various parameters
which would characterize events of this type be-
cause of the influence of random coincidence cor-
relations. From an analysis of the time distribu-
tion of these events, a half-life of 21+16 msec
could be derived. We mention this result, despite
our inability to establish this correlation firmly
from statistical considerations, only because of
the recent report'0 of the production of a 20.1
+1.7 msec spontaneous-fission activity in "N-ion
bombardments of "'Bk. The identity of this 20-
msec fission activity is unknown, but if the inter-
pretation of our results is correct, the 20-msec

activity could be an isotope of Lr which most cer-
tainly could have been produced in the "'Bk+ "N
reaction of Ghiorso. '

IV. CONCLUSIONS

TABLE II. Summary of n-particle energy and intensity
results for 2~0105; total n decay is 90.4 +0.6%; sponta-
neous fission is 9.6 +0.6%.

n-particle
energy (MeV)

Intens ity
g) decay)

Hindrance
factor

9.041 + 0.014
9.074 +0.014
9.120+0.017

48+5
25+3
17 +3

5.8+0.6
13 +2
28 ~5

A summary of the m-particle energy and inten-
sity results for (1.52+0.13)-sec M0105 is given in
Table II. The spontaneous-fission events decaying
with the (1.89 +0.88)-sec half-life have been as-
cribed to the direct spontaneous-fission branching
decay of ~ 105. This spontaneous-fission branch-
ing accounts for (9.6 +0.6)% of the decays of ~'105
and an upper limit of 2.5% has been placed on the
electron-capture decay to ' 104, if ~ 104 is an
80+20 msec spontaneous-fission activity. If the
nuclide ~'104 has a half-life of &110 p sec, the
electron-capture branching decay of ~'105 is
=0.2%.

&-decay hindrance factors for these groups have
been calculated using the spin-independent (I= 0)
equations of Preston. " We have used an adjusted
radius parameter r, of 1.468 fm in this calcula-
tion; the resultant hindrance factors are listed in
Table II. Because L -series x rays of Lr were ob-
served in coincidence with all three of the n groups
listed in Table II, we are unable to establish the
total n-decay energy Q for ~'105. However, the
highest energy o group, the 9.120 MeV group,
implies a Q value of at least 9.306+0.017 MeV,
and if an additional 22.4 keV, the L„,binding en-
ergy for Lr, is included to account for our coin-
cident x-ray observations, the minimum Q value
if 9.328+0.017 MeV.

The assignments of these a groups to the decay
of "'105 have been verified by the establishment
of a direct genetic linkage to the &-decay daughter
nuclide "'Lr. The elemental assignment of Z= 105
has also been established by the observation of
I- x rays of Lr in coincidence with these a groups.
No y rays were observed in coincidence so that
it is not possible to establish nuclear energy levels
in ' Lr.

On the basis of our experimental information on
the decay of ~ 105, we may summarize our con-
clusions as follows: (1) We have produced in the
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reaction of "N with "'Cf a 1.52-sec o.'activity
with a-particle groups at 9.04, 9.07, 9.12 MeV,
similar to the results of the earlier experiments
of Ghiorso et al. ' (2} In addition, we have defin-
itively established the atomic number for this
activity as 105 and estab1. ished the mass number
as 260. (3}%e see no evidence of the 8.9-, 9.4-,
or 9.7-MeV o.'-particle groups in the decay of
~0105 as reported in Ref. 12 and Ref. 17. (4) We
do detect a spontaneous-fission activity with a
half-life similar to that for "'105 derived from
a-decay data, but beyond this similarity we are
unable to establish a definitive link between these
activities.

Our results for "'105 completely corroborate
and extend the earlier experiments of Ghiorso
et a/. The unique identification provided for ele-
ment 105 in our present experiments unequivocally
supports the discovery claims for element 105
proffered by Ghiorso et al. '
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